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Formation of a Motor Memory by Action Observation
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Mirror neurons discharge with both action observation and action execution. It has been proposed that the mirror neuron system is
instrumental in motor learning. The human primary motor cortex (M1) displays mirror activity in response to movement observation, is
capable of forming motor memories, and is involved in motor learning. However, it is not known whether movement observation can lead
directly to the formation of motor memories in the M1, which is considered a likely physiological step in motor learning. Here, we used
transcranial magnetic stimulation (TMS) to show that observation of another individual performing simple repetitive thumb movements
gives rise to a kinematically specific memory trace of the observed motions in M1. An extended period of observation of thumb move-
ments that were oriented oppositely to the previously determined habitual directional bias increased the probability of TMS-evoked
thumb movements to fall within the observed direction. Furthermore, the acceleration of TMS-evoked thumb movements along the
principal movement axis and the balance of excitability of muscle representations active in the observed movements were altered in favor
of the observed movement direction. These findings support a role for the mirror neuron system in memory formation and possibly

human motor learning.
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Introduction
Although most motor skills are acquired through physical prac-
tice, the mere observation of movements has also been shown to
lead to subsequent specific performance gains (Vogt, 1995; Black
and Wright, 2000; Brass et al., 2001; Heyes and Foster, 2002;
Horn et al., 2002; Vinter and Perruchet, 2002; Edwards et al.,
2003; Petrosini et al., 2003; Mattar and Gribble, 2005). There is
strong evidence from studies involving the physical practice of
movements that an important physiological component of be-
havioral performance gains is a lasting change of local cortical
movement representations, a kind of motor memory (Karni et
al., 1995; Pascual-Leone et al., 1995; Kleim et al., 1998; Sanes and
Donoghue, 2000; Conner et al., 2003). However, it is unknown
whether observation alone is sufficient to leave a memory trace in
movement representations.

A priori, the formation of local motor memories by observa-
tion of movements would appear to be a highly unlikely event,
given the immense computational problem of transforming the
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visual representation of movements input into a congruent mo-
tor output. However, recently, in several brain areas of the ma-
caque monkey, neurons have been discovered that discharge both
when the monkey performs a specific action and when it observes
a similar action performed by another agent (Rizzolatti and
Craighero, 2004). These neurons have been termed “mirror neu-
rons” (Gallese et al., 1996). Given its astonishing properties, it has
been proposed that the mirror neuron system subserves a wide
variety of behaviors including social communication and motor
learning (Jeannerod, 1994; Gallese and Goldman, 1998; Rizzolatti
et al., 2001; Rizzolatti and Craighero, 2004; Fogassi et al., 2005;
Tacoboni et al., 2005). Involvement of the mirror neuron system
in motor learning would be supported strongly by evidence dem-
onstrating that observation alone leads to the formation of phys-
iological motor memories akin to those that underlie practice-
induced changes in motor representations. Such evidence has
been lacking so far.

In humans, neurophysiological (Fadiga et al., 1995; Hari et al.,
1998; Cochin et al., 1999; Brighina et al., 2000; Nishitani and
Hari, 2000; Strafella and Paus, 2000; Sundara et al., 2001; Maeda
etal., 2002) and neuroimaging (Grafton et al., 1996; Decety et al.,
1997; Tacoboni et al., 1999; Grezes and Decety, 2002; Astafiev et
al., 2004; Fogassi et al., 2005) studies have revealed mirror activity
in several brain regions including the human primary motor cor-
tex (M1). Previously, we developed a paradigm by which the
presence of a practice-induced elementary motor memory in the
M1 can be demonstrated directly (Classen et al., 1998). After
the repetitive performance of unidirectional stereotyped thumb
movements, the direction of thumb movements evoked subse-
quently by transcranial magnetic stimulation (TMS) over the M 1
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was changed into the direction of the training, and the excitability
of muscle representations in the M1 was changed in favor of the
training agonist muscle (Classen et al., 1998, 1999; Biitefisch et
al., 2000). Because neurons in this area are active with perfor-
mance of motor actions and with observation of another individ-
ual performing the same motor task, it is conceivable that action
observation could form motor memories. The present study tests
this hypothesis by examining whether observation of simple fin-
ger movements alone can elicit an encoding process in the M1
similar to that induced by practice.

A preliminary account of the results has been published in
abstract form (Stefan et al., 2003).

Materials and Methods

Subjects

Twelve right-handed (Oldfield, 1971) subjects (seven men; five women;
mean age, 34 * 7.6 years; range, 22— 45 years), naive to the purpose of the
experiments, participated in the study. All volunteers had normal phys-
ical and neurological examinations and gave written informed consent.
This study was approved by the Institutional Review Board of the Na-
tional Institute of Neurological Disorders and Stroke.

Recording and stimulation procedures
Subjects sat comfortably in an armchair with the right arm immobilized
in a semipronated position in a molded armrest with the four long fingers
supported in a slightly extended position and the thumb left entirely free.
Electromyographic recordings (EMGs) were obtained from surface
electrodes placed over the belly of the right extensor pollicis brevis (EPB)
and right flexor pollicis brevis (FPB) muscles. EMG activity was ampli-
fied using a Dantec (Skovlunde, Denmark) Counterpoint electromyo-
graph, bandpass filtered between 10 and 3000 Hz, and fed into a labora-
tory computer for later off-line analysis. Kinematic measures were
obtained with a two-dimensional accelerometer that detected motions in
the horizontal (adduction and abduction) and vertical (extension and
flexion) axes (Kistler Instrument, Amherst, NY) mounted on the distal
phalanx of the thumb. The direction of TMS-evoked and voluntary
thumb movements was calculated from the first-peak acceleration vec-
tors in the horizontal and vertical axes in the principal movement plane
(Classen etal., 1998). Acceleration signals were digitized at 3000 Hz. Data
were analyzed using a data collection-analysis program written in Lab-
View (National Instruments, Austin, TX). TMS was delivered from a
custom-built magnetoelectric stimulator (Cadwell Laboratories, Ken-
newick, WA) through a figure-eight-shaped magnetic coil (wing diame-
ter, 7.0 cm) with the subject at rest. The subject’s head was kept in an
upright position and immobilized by a custom-built aluminum frame.
The magnetic coil was connected firmly to the frame so that it remained
in a constant position with respect to the head during the experiment.
Head and coil stability were monitored with a three-dimensional laser
system, as described previously (Biitefisch et al., 2000). Muscle relaxation
was monitored by auditory and visual feedback by EMG recording at a
sensitivity of 50 wV per division. The magnetic coil was placed tangen-
tially to the skull and rotated 45° away from the midline, approximately
perpendicular to the central sulcus, which is the optimal position to
activate the corticospinal tract transsynaptically (Werhahn et al., 1994).
The optimal scalp position for eliciting isolated thumb movements was
identified using a slightly suprathreshold stimulus intensity and marked
directly on the scalp with a soft-tip pen. Resting motor threshold (RMT)
for the FPB and EPB was defined at this position as the minimum TMS
intensity that evoked a motor evoked potential (MEP) of =50 uV in at
least 5 of 10 trials in the resting target muscle (Rossini et al., 1994). TMS
was then adjusted and applied to this position to elicit isolated and direc-
tionally consistent thumb movements.

Experimental design

Ten subjects participated in three randomly ordered and counterbal-
anced sessions separated by at least 48 h, which tested the ability of motor
practice and observation of another individual performing the practice
task on encoding of an elementary motor memory.

Stefan et al. @ Motor Memory by Action Observation
Training

PhysPract

ObsPract

opposite

ObsPract

towards

Extension

Figure 1.  Experimental design. At the beginning of each session, the direction of TMS-
evoked movements (“baseline before training”) was determined in each individual by assessing
the first-peak accelerations along the extension/flexion and abduction/adduction axes (Classen
et al., 1998). Subsequently, subjects participated in three different training sessions: physical
training, which consisted of performance of voluntary thumb movements in a direction oppo-
site the baseline direction and observation of thumb movements directed opposite the baseline
direction and toward the baseline direction.

The encoding process was evaluated in each of the three experimental
sessions using an established protocol (Classen et al., 1998; Biitefisch et
al., 2000). At baseline, 60 TMS stimuli were delivered at 0.1 Hz to the
optimal scalp site to elicit focal thumb movements. These stimuli occa-
sionally elicited perceptions of movement but never allowed the subjects
to identify the direction of the motions. After determination of the base-
line TMS-evoked thumb movement direction, subjects underwent each
of the three interventions for 30 min in separate sessions. At the end of
each intervention, TMS-evoked thumb movement directions were deter-
mined again as done for baseline determinations. The principal design of
the experiment is shown in Figure 1.

Observational practice (observational practice,,,,,., and observational
practice,,,,qi..)- Subjects were instructed to observe attentively brisk re-
petitive thumb movements displayed at their natural size on a computer
screen 1 m in front of them. With their gaze directed straight ahead
during the video presentation (see below), the subject’s hand was outside
their field of view. Observed motions were performed by a white male
actor, cued at 1 Hz in either an extension or flexion direction (two dif-
ferent videos were used according to the TMS-evoked thumb movement
directions determined at baseline). The actor’s right hand was viewed
from a frontal plane, with surface electrodes and accelerometer posi-
tioned as during physical practice (see below). Because most TMS-
evoked thumb movements were predominantly oriented along an exten-
sion/flexion axis, the video movements were approximately collinear to
this principal direction. In the video displaying extension movements, a
total of 6% (108 of a total of 1800) of all movements were directed
opposite to the other 94% (i.e., in a flexion direction). These movements
were interspersed randomly in between the extension movements. Sim-
ilarly, in the video showing flexion movements, 6% of all movements
were in the opposite direction. Total duration of the videos was 30 min
each. Subjects were instructed to remain relaxed throughout the obser-
vation of the videos. Absence of voluntary activity was monitored by
EMG recordings at a sensitivity of 50 wV per division. If voluntary EMG
activity was detected, subjects were instructed to relax. EMG activity
during physical or observational practice was quantified in each subject
by computing the mean area under the curve for EMG activity of the
training agonist in ~70 epochs of 200 ms duration sampled randomly
throughout the training. In physical practice, EMG activity only related
to the training motions was computed. In observational practice, EMG
activity was integrated over the entire length of 200 ms epochs sampled
during the observations. Therefore, the area under the curve in observa-
tional practice is a conservative measure of unwanted EMG activity dur-
ing these conditions.

Observational practice was implemented in two different sessions. For
observational practice,,,.q (ObsPract,,..4)> subjects were shown the
video displaying thumb movements in the same principal direction as the
baseline direction, as determined during the 60 magnetic stimulations
beforehand. For example, if the principal direction of TMS-evoked
thumb movements was extensor, then thumb extension movements
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Table 1. Behavioral characteristics
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Alertness Attention Number of missed Area under the curve of voluntary
(arbitrary units, (arbitrary units, directionally deviant movements (PhysPract) or involuntary (ObsPract)
Training condition visual analog scale) visual analog scale) (0f 108) EMG activity (training agonist, mVms)
PhysPract 5610 6.9 +0.8 na. 134.0 = 26.8
ObsPract e 6.6 £ 0.8 6.6 £ 0.6 6.0 £23 0.9 £0.1
ObsPract,g,args 55+12 79+08 42*08 0.9 £0.2
n.a., Not applicable.
were shown. For observational practice,, e (ObsPract,, o), the — direction of the thumb movements displayed to the subject. The measure

video showed movements opposite to the baseline direction. For exam-
ple, if the principal baseline direction was extension, then the video
showing flexor movements was presented to the subject. To maintain
similar attention and motivation during the 30 min of the video presen-
tation, subjects were instructed to count silently the number of inter-
spersed directionally deviant thumb movements (6%). Error rate was
defined as the absolute difference of the number of interspersed deviant
movements as identified by the subject and the correct number. Subjects
were instructed that they would be financially rewarded according to
their performance in the counting task. At the end of each session, sub-
jective assessments of alertness during the experiments and attention to
the observation were scored by the subjects using a visual analog scale
ranging from —10 to +10. Additionally, the subjects were asked the
question, “Did you imagine yourself performing the thumb movements
you have watched?” to determine whether or not they had experienced
imagery during the video presentations.

Physical practice. Subjects were instructed to perform voluntary brisk
thumb movements visually paced by a light-emitting diode blinking at 1
Hz in a direction approximately opposite to the baseline direction (Clas-
sen et al., 1998; Biitefisch et al., 2000). For example, if the principal
baseline direction was extension, then the subjects were instructed to
perform repetitive flexion movements. Thus, physical practice (Phys-
Pract) and ObsPract,, .. Were similar in that the intervention was
directed away from the baseline of TMS-evoked movements determined
beforehand. After each single training movement, the thumb returned to
the original position by relaxation. The total duration of practice was 30
min. Practiced thumb movements were monitored closely on-line with
respect to directional consistency of training movements by the experi-
menter. In addition to the TMS-evoked movements, all practiced move-
ments were recorded during training for later off-line analysis.

All interventions were each organized in three blocks of 10 min, sepa-
rated by 2.5 min of rest. In between any two blocks, 12 thumb movements
were evoked by delivering TMS at a frequency of 0.1 Hz. Acceleration and
EMG signals related to TMS-evoked movements were recorded as de-
scribed above.

Four subjects participated in additional experiments to determine
the influence of observational practice displaying (1) 50% thumb
movements in each of the two different directions (flexion—exten-
sion; ObsPracts,,5,) and (2) focusing attention on the frequently
(94%) or infrequently (6%) observed motions (ObsPract
and ObsPract , respectively).

opposite 94%
opposite 6%

Data analysis

Encoding of a motor memory: movement direction. Directions of TMS-
evoked movements and of voluntary movements were derived from the
first-peak accelerations in the two orthogonal axes in the principal move-
ment plane (Classen et al., 1998) determined independently by two in-
vestigators, one of them blind to the intervention. The baseline direction
of thumb movements was defined as the direction of the mean vector of
all vectors recorded during baseline. To describe intervention effects on
TMS-evoked thumb movement directions, we defined a training target
zone (TTZ) as a window of *20° centered on the direction of the per-
formed (PhysPract) (Biitefisch et al., 2000) and observed (ObsPract)
training motions. In the PhysPract session, the target direction was de-
termined as the direction of the mean vector of 360 vectors representing
every fifth movement performed during the training. In the ObsPract
(ObsPract,,osice and ObsPract,,,,.q) sessions, the target direction was
either vertical up (90°) or vertical down (270°), corresponding to the

for direction was the probability of a TMS-evoked thumb movement to
fall into the TTZ, a measure consistent, reproducible, and capable of
identifying training-dependent changes in the organization of the M1
(Biitefisch et al., 2000). This probability was estimated by the percentage
of TMS-evoked thumb movements falling into the TTZ (Py,) relative to
the number of all TMS-evoked thumb movements, according to the
following equation (Biitefisch et al., 2000): Ppr, = Ny /Ny X 100,
where Ny, is the number of all TMS-evoked thumb movements falling
into the TTZ, and N, is the number of all TMS-evoked thumb move-
ments elicited within a given time period.

Intervention effects across conditions were compared by computing

APy, according to the following equation: APpp; = Prry per —

P TTZ_before*

Compound acceleration vector. The effect of training was also deter-
mined by comparing the mean magnitude of the first-peak acceleration
in the extension/flexion direction before and after training. Intervention
effects on the magnitude of first-peak acceleration of TMS-evoked
thumb movements were calculated by normalizing all baseline vectors to
the same hemispheric direction (extension).

Corticomuscular excitability. MEP amplitudes were measured peak to
peak in each individual trial. MEP ;e and MEP,, .05, refer to MEPs
recorded from muscles acting either as agonist or antagonist of the
trained (either by physical practice or by observation) movement direc-
tion in each subject. For example, with practice or observation of exten-
sion movements, the EPB was designated as the agonist muscle, and
the FPB was designated as the antagonist muscle. MEP, ., and
MEP,,,,1ag0nist Were each normalized to baseline. To describe the net ef-
fects of training on corticomuscular excitability, the ratio E between

MEP o nise and MEP o i was determined both before and after train-
ing, according to the following equation: E,;, MEP 4o nis/
MEPantagonist'

Unless stated otherwise, intervention effects on movement kinematics
and corticomuscular excitability were analyzed by repeated-measures
ANOVA (ANOVAy,,). Two-tailed paired t tests were applied for explor-
atory and post hoc analyses, as appropriate. The false discovery rate pro-
cedure was used for correction for multiple comparisons (Curran-
Everett, 2000).

Data were expressed as mean * SEM. Effects were considered signifi-
cant if p < 0.05.

Results

Subjects’ rating of alertness (ANOVAg,; F = 0.9; NS) and atten-
tion to the task (ANOVARy; F = 1.2; NS) did not differ across
training conditions (Table 1). Error rates in detection of deviant
movements during observation were similar in ObsPractposice
and ObsPract,,,,..q (NS; paired ¢ test). Background EMG activity,
minimal during observational practice, was comparable between
ObsPractposice and ObsPract, .4 and also comparable between
agonist and antagonist muscles (Table 1). All subjects denied
imagining themselves performing the observed movements.

Effects on movement direction

Determination of movement direction by the two investigators
were highly consistent (r = 0.985; p < 0.05). Training direction
differed from the baseline direction by 152.7 * 5.2° in PhysPract,
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Figure 2.  Effect of different training interventions on TMS-evoked movement direction. 4,

Example of one subject. First-peak acceleration vectors of TMS-evoked thumb movements be-
fore (left) and after (right) each of the three interventions (PhysPract, ObsPract,, ;. and
ObsPract,g,,rq)- For better comparability, all examples are aligned to the training direction
indicated by the arrow. The TTZ is shown in gray. PhysPract and ObsPract,,,q, but not
ObsPract,g,arq: Ied to substantial changes in the direction of TMS-evoked movements. B, Group
data (n = 10) showing the Py, before and after PhysPract, 0bsPractocices and ObSPraCt gy grq-
Before the training interventions, the percentage of TMS-evoked movements in TTZ was similar
in PhysPract and ObsPract,,siee- PhysPract and ObsPract,,oqiees but not ObsPract,,, g, led to
a significant increase in the percentage of TMS-evoked movements falling into TTZ. Data show
means == SEM. *p < 0.005. n.s., Not significant. , Time course of changes of Py, as a function
of training intervention. To compare between conditions, AP;;; was computed as the baseline-
normalized, intervention-dependent change in percentage of TMS-evoked thumb movements
falling into the TTZ (see Materials and Methods). At the end of 30 min, the percentage change
of TMS-evoked movements in TTZ was larger in PhysPract than in ObsPract,, .. OF
ObsPracty,,,rq and with ObsPract, ;e than with ObsPractyg, .. Rhombi, PhysPract; circles,
0bsPractyppsices triangles, ObsPract q,ye- Filled symbols, Time points significantly different
from baseline; two-tailed ¢ tests; false discovery rate correction. *p << 0.05. D, Duration of
changes of P17 as a function of training intervention. Symbols as in C. Error bars represent SEM.

by 152.6 = 7.4° in ObsPract,
ObsPract,gyara-

PhysPract and ObsPract, . resulted in an increase in Py
(see Materials and Methods), more prominent with the former than
with the latter, in the absence of changes with ObsPract,g,.q- An
example of the findings is shown in Figure 2 A.

Group data showed significant effects of time (before, after)
(ANOVAg,;; F = 20.7; p < 0.005), training type (PhysPract,
ObsPract,ppositer ObsPract gy ,.q) (F = 3.6; p = 0.05), and of the
interaction term time-by-training type (F = 11.0; p < 0.005) on
Prr, (Fig. 2B). Pyp, increased significantly with PhysPract
(from 2.4 * 1.0 to 26.6 = 6.9%; p < 0.005) and with
ObsPract,pposice (from 2.6 + 0.8 10 9.1 = 1.5%; p < 0.005) but not
with ObsPract,,,,..q (from 13.6 £ 2.7 to 16.1 * 2.3%; NS). The
increase in Prr, with ObsPract was evident in every single
individual tested.

The time course of the build-up and decay, respectively, of
training-dependent directional changes was assessed separately
for each training type. PhysPract required no less training blocks
than ObsPract, s to result in a significant increase of Pryy
[three blocks (i.e., 30 min); two-tailed ¢ tests; false discovery rate
correction]. However, the magnitude of the effect was different
between the two effective training types. After 30 min, AP, the

, and by 26.1 * 5.3° in

opposite

opposite
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baseline-normalized percentage of TMS-evoked movements fall-
ing within the TTZ (see Materials and Methods), was larger in
PhysPract than in ObsPractp,osie (P < 0.02; two-tailed ¢ test)
and ObsPract;gyrq ( p < 0.01) and larger in ObsPract o than
in ObsPract,y,,..q ( p < 0.05; two-tailed ¢ test; false discovery rate
correction) (Fig. 2C). To analyze the duration of observation-
induced changes of P, the data were binned in epochs of 2 min
for a total of 10 min after the end of training. For each training
type, each epoch was compared with baseline using two-tailed ¢
tests. After false discovery rate correction, Py, was significantly
different from baseline for PhysPract in all five bins (0—10 min)
and for ObsPract s in the first four bins, except epoch 2 (0-8
min), in the absence of changes with ObsPract,,,q in any of the
five bins (Fig. 2D). These findings suggested that the effect in-
duced by ObsPract,,,.. Was less pronounced and, possibly,
shorter lasting that that induce by PhysPract.

To examine the possibility that the increase of Prr, in
ObsPract,p,osie Was unrelated to the direction of the observed
thumb movements, in four subjects, ObsPract s Was com-
pared with observation of a video displaying an equal number of
flexion and extension thumb movements (ObsPractss,). In
this session, a *TTZ*, directed oppositely to the baseline
direction, was operationally defined in analogy to the TTZ in the
ObsPract,p,osie condition (as outlined above). Observing direc-
tionally balanced thumb movements did not increase Peyry-.
Importantly, in the same subjects, two additional experiments
demonstrated that ObsPract, effectively increased Ppry. In
these experiments, ObsPract . ,p,sc. €licited an increase in the per-
centage of TMS-evoked movements falling into the TTZ regard-
less of whether the frequent target movements or the infrequent
directionally deviant movements were counted by the subject.
AP, did not differ statistically significantly between the two
ObsPract conditions (ObsPract,p,osite 969: APrrz 4.5 = 2.0%;
ObsPract,pposite 6%: APrrz, 8.9 = 2.6%) but was different be-
tween any of the ObsPract,, s conditions and ObsPracts,s
(AP.yye, —0.5 + 1.3%; NS).

opposite

Effects on compound acceleration vector

We considered the net first-peak acceleration along the exten-
sion/flexion axis of the entire population of acceleration vectors
of the TMS-evoked thumb movements. This was termed the
compound acceleration vector. The compound acceleration vec-
tor is sensitive to the magnitude of acceleration and to changes in
the acceleration of movements falling outside of the TTZ and,
thus, complements the analysis of the percentage of movements
falling within TTZ. At baseline, the mean absolute magnitude of
first-peak acceleration was comparable across experimental con-
ditions (Table 2).

Practicing thumb movements in the training direction caused
the mean first-peak acceleration vector to change into the train-
ing direction, in agreement with previous findings (Classen et al.,
1998). With ObsPract,p,osicer the compound acceleration vector
length decreased, whereas it did not change appreciably with
ObsPract,y,,,.q- ANOV ARy, revealed significant effects of training
type (PhysPract, ObsPract,,positer ObsPract gy arq) (F = 8.45 p <
0.01), time (before, after) (F = 15.3; p < 0.01), and of the inter-
action training type-by-time (F = 10.0; p < 0.01) (Fig. 3A).

With PhysPract, the first-peak acceleration changed from
0.5+ 0.1to —0.3 = 0.2 m/s* (p < 0.01; paired two-tailed  test),
with ObsPract o from 0.4 + 0.0t0 0.1 *+ 0.1m/s* ( p <0.01),
and with ObsPract,,,,.q from 0.6 = 0.1 to 0.6 = 0.1 m/s* (NS).
This finding suggests that with ObsPract,,, .. the total
acceleration along the axis of the observed movements had
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Table 2. Baseline measures in each of the three training sessions
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RMT MEP, it TMS stimulus Peak acceleration of TMS- MEP, gonist MEP, agonist
Training condition (%) intensity (%)° evoked movements (m/s?) amplitude (mV) amplitude (mV)
PhysPract 58 £3 68 =2 05*+03 14+0.2 2103
ObsPraCt pposie 58+ 2 68+ 2 04+0.1 12+02 17+02
ObSPract g 58+ 2 67 +2 0503 17 %02 1402
“TMS stimulus intensity required to elicit isolated thumb movements at baseline (percentage of maximal stimulator output).
E..
08 1 6 :a'IO
i [ * *
. 0.6 a M M
&N °Q 1.2 4
0 .
= 041 ‘5 180+
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2 S 1404 %
E 0 T T i
o £ i 0.4-
§ -0.2 1 o 10kl _.
|
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Figure 4. Effect of different training interventions on corticomuscular excitability. 4,
i Changes in MEP amplitudes (relative to baseline) recorded from training agonist muscle
06 (MEP ,gopisy Circles) and antagonist muscle (MEP,,,onises triangles). PhysPract led to a signifi-
’ cant increase in MEP, g, ;.. compared with baseline. B, The ratio between the MEP, .. and
1 - MEP, stagonis: inCreased both after PhysPract and ObsPract,, e but not after ObsPract;gy,qeg-
0.4 pen bars, Before training; filled bars, after training. *p << 0.05. Error bars represent SEM.
Open bars, Beft ining; filled bars, after training. *p << 0.05. Error b SEM
@
€ training type. PhysPract required no less training blocks than
put 0.2 1 ObsPract,pposice to Tesult in a significant decrease of first-peak
o E acceleration [three blocks (i.e., 30 min); two-tailed ¢ tests; false
E 0.0 discovery rate correction]. In fact, first-peak acceleration differed
o Y L i from baseline in ObsPract,, . already after the first trainin,
— pposite Y g
3 Jpre(B1] B2 prej B B2) Bolpre| BT [B2{B3 block. After 30 min of training, first-peak acceleration was
<<(') 02" smaller (indicating a larger training effect) in PhysPract than that
e in ObsPract,yaq (p < 0.005; two-tailed paired ¢ test) and in
1 PhysPract ObsPract ObsPract ObsPract,, st than that in ObsPract,,,,.q4 ( p < 0.005) (Fig. 3B),
04" opposite Sowands whereas the .dl.fferenc§ bgtween Pl.lys.Pract and ObsPract st
was not statistically significant. Similar results emerged when
. . . . only movements outside the TTZ were considered (data not
Practice or observation time (min) shown).
Figure 3.  Effect of different training interventions on compound acceleration vector. 4,

Group data (n = 10) showing the mean compound acceleration vector for the extension/flexion
direction before and after training. Before training, the compound acceleration vector of each
subject was aligned such that all vectors pointed into the extension direction. After PhysPract,
the mean compound acceleration vector came to point into the flexion direction, corresponding
to the practiced direction. ObsPract,,,;.e decreased the length of the mean compound accel-
eration vector, whereas ObsPract,,,.4 did not change the mean compound acceleration vector.
*p < 0.01. Open bars, Before training; filled bars, after training. B, Time course of changes of
the mean compound acceleration vector as a function of training intervention. At the end of 30
min, the mean compound acceleration vector was smaller in PhysPract than in ObsPract e
0r ObsPract gy arg and with ObsPractgee than ith OBSPract,qyy- Error bars represent SEM.
pre, Before training; B1, B2, and B3, results obtained after the first, second, and third training
block, respectively.

changed in favor of movements directed away from the baseline
direction.

The time course of the build-up of training-dependent
changes of first-peak acceleration was assessed separately for each

Effects on corticomuscular excitability

The size of the TMS-evoked motor potentials in the EPB and FPB
was determined. MEP size was stratified according to the role of
the muscle in the training. At baseline, measures of corticomus-
cular excitability (RMT, MEP amplitudes) were comparable
across experimental conditions (Table 2).

ANOVAg,, revealed significant effects of training type (Phys-
Pract, ObsPract,,osite» ObsPract g arq) (F = 4.7; p < 0.05) and of
training action (agonist, antagonist) (F = 37.0; p < 0.05). There
was a strong statistical trend for the interaction term training
action-by-training type (F = 3.5; p = 0.051) (Fig. 4A).

With PhysPract, MEP,,;;; increased, on average, by 82%
(p < 0.02; two-tailed paired ¢ test), in agreement with previous
findings (Classen et al., 1999; Biitefisch et al., 2000), whereas
MEP,,,1ag0onise Temained unchanged. No significant changes of
MEP amplitudes were noted in either the training agonist or
training antagonist in any of the observational training
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conditions. RMT as measured in five subjects before and after
ObsPractp,,osice remained unchanged (RMT before, 52 = 3% of
maximal stimulator output; RMT after, 53 + 3 of maximal stim-
ulator output; NS). Movements may be more adequately de-
scribed by the balance of corticomuscular excitability rather than
by the magnitude of excitability of either the training agonist or
antagonist. Therefore, the effect of training was assessed by com-
paring the ratio between MEP ;i and MEP .o nise (Eraio) be-
fore and after training, separately for each training intervention.
Two-tailed ¢ tests revealed that this ratio increased with PhysPract
(p <0.01) and also with ObsPract,,, it (P < 0.05), whereas it
did not change significantly with ObsPract,,..q (Fig. 4B).

Discussion

The present study has shown that mere observation of move-
ments led to the formation of a lasting specific memory trace in
movement representations that resembled that elicited by physi-
cal training.

Observation-induced motor memory

After observation of movements directed away from the baseline
movement direction, the probability of TMS-evoked movements
to fall into the training target zone increased, the net acceleration
of all TMS-evoked thumb movements was changed toward the
direction of the observed movements, and the balance of corti-
comuscular excitability was altered in favor of the agonist of the
observed movements. Changes of motor measures were not
noted when the ObsPract movements were oriented toward the
baseline direction or when the direction of the observed move-
ments on balance was undetermined. Thus, although
observation-induced changes in motor representation were sub-
stantially smaller compared with those induced by physical prac-
tice, they were highly similar with respect to both quality and
specificity. It seems unlikely that observation-induced plasticity
of motor representations in the present study was merely a con-
sequence of involuntary movements during movement observa-
tion, because involuntary EMG activity during observation was
found to be smaller by several orders of magnitude than that
associated with physical training (Table 1). Therefore, our find-
ings provide evidence for the notion that observation alone may
induce lasting specific changes in motor representation, a kind of
motor memory.

Evidence derived from studies involving the physical practice
of movements suggests that formation of a motor memory may
be an important physiological step in motor skill acquisition
(Karni et al., 1995; Pascual-Leone et al., 1995; Kleim et al., 1998;
Sanes and Donoghue, 2000; Conner et al., 2003). Therefore, our
data raise the intriguing possibility that observational practice
may improve motor performance (Black and Wright, 2000;
Heyes and Foster, 2002; Horn et al., 2002; Edwards et al., 2003;
Petrosini et al., 2003) by mechanisms similar to those involved in
motor skill acquisition by physical training. Our findings are con-
sistent with results demonstrating that motor performance may
be facilitated even with observation of simple movements (Brass
etal., 2001) and with observational motor tasks that are devoid of
explicit cognitive components (Vogt, 1995; Vinter and Per-
ruchet, 2002; Mattar and Gribble, 2005).

Mechanism and location of observation-induced plasticity

As mentioned above, the ventral premotor cortex (vPMC) con-
tains mirror neurons that fire both with action observation and
action execution (Gallese et al., 1996; Rizzolatti et al., 1996). The
ventral PMC contains representations of distal upper extremity
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movements (Fogassi et al., 2001). Just as canonical neurons
(Kakei et al., 1999, 2001), mirror neurons (Gallese et al., 1996;
Fadiga et al., 2000) in the vPMC may encode information on the
direction of voluntary movements in an extrinsic coordinate sys-
tem. Although mirror neurons in the vPMC mostly respond to
the perception of specific hand—object interactions or goals
(Gallese et al., 1996; Gallese and Goldman, 1998; Rizzolatti et al.,
2001), activation of the PMC has also been observed with intran-
sitive movements similar to the movements tested in the present
study (Iacoboni et al., 1999). Furthermore, because some mirror
neurons do not discharge with observation of a single grasping
action but only after repeated presentation of such action (Riz-
zolatti and Fadiga, 1998), it is possible that learning, as demon-
strated previously in canonical premotor neurons (Mitz et al.,
1991), extends to mirror neurons. These physiological properties
may suggest involvement of vPMC neurons in observation-
induced plasticity. It has been shown that M1 neurons are facili-
tated at short latencies after PMC activation via dense premo-
tor-M1 connections (Cerri et al., 2003; Shimazu et al., 2004).
Therefore, mirror activity could have been induced in the M1 by
transmission of mirror neuron activity from the PMC. Alterna-
tively, it is conceivable that the M1 may harbor genuine mirror
neurons. Although mirror neurons, responsive to both move-
ment observation and execution, have not been found in direct
recordings in nonhuman primates (Gallese et al., 1996), indirect
evidence for their presence in human M1 may be inferred from
various studies in humans (Fadiga et al., 1995; Hari et al., 1998;
Grezes and Decety, 2002). Independent of its anatomic identity,
mirror activity in the M1, whether arising as a consequence of
activity in local genuine mirror neurons in the M1 or of transmis-
sion from the vPMC onto the M1, has been demonstrated to
preserve the temporal structure of observed movements at high
fidelity (Nishitani and Hari, 2000, 2002; Gangitano et al., 2001).
Therefore, local neuronal activity in the M1 appears to be
equipped with necessary properties to encode a local memory
that retains details of the observed movements in all relevant
aspects.

Conceivably, specific patterns of neuronal activations during
motor observation could have been transmitted to the spinal cord
(e.g., through observation-induced activation of direct spinal
connections from the vPMC or M1). This could have led to last-
ing local specific changes of spinal excitability. Spinal excitability
changes during action observation have indeed been reported in
one study (Baldissera et al., 2001) but have been absent in another
study (Patuzzo etal., 2003). Even if we cannot rule out that spinal
cord excitability may be modifiable during observation, it ap-
pears highly unlikely that it could underlie the present specific
observation-induced plasticity, because spinal excitability
changes during movement observation (facilitation of the move-
ment antagonist) were directed oppositely to the effects found in
the present study (Baldissera et al., 2001).

Implications for involvement of the mirror neuron system in
motor learning

The mirror neuron system has been shown to be involved in
imitation of familiar elementary movements (Iacoboni et al.,
1999). More recently, Buccino et al. (2004) provided evidence
that the mirror neuron system was active also when subjects at-
tempted to imitate novel hand postures. Because the hand pos-
tures were unfamiliar to the subjects, it was concluded that the
mirror neuron system has a role in the acquisition of new motor
skills. The authors advanced the view that in this situation, the
familiar elements of the observed novel complex movements
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would generate resonant activity within the mirror neuron sys-
tem. By virtue of this mechanism, the selection of appropriate
neuronal activation patterns underlying the intended movement
would be greatly facilitated, and the recombination of elementary
overlearned movements into new movements of greater com-
plexity could be accomplished more easily (Buccino et al., 2004).
Importantly, in imitation-based motor learning, the final neces-
sary brain signal leading to the formation of lasting motor mem-
ories was thought to be provided through the physical practice of
movements. According to this view, in imitation-based motor
learning the mirror neuron system facilitates motor learning
through facilitating the physical performance of the appropriate
training movements.

Although the study by Buccino et al. (2004) showed that the
mirror neuron system is active in imitation of novel movements,
indirect neurophysiological evidence for the actual formation of
a memory trace was probably first provided by Jarveldinen et al.
(2004). Mattar and Gribble (2005) used kinematic analyses to
show that the acquisition of complex motor behaviors (learning
to reach in a novel mechanical environment) is facilitated by
previous observation of subjects learning the novel task. Motor
learning by observation was impaired when the motor system was
engaged with an unrelated movement task. These findings sup-
port the view that motor systems are involved in acquiring neural
representations of novel environments during observation.

Our results demonstrate that a specific motor memory is
formed by observation, one that is similar to that induced by
practicing movements. Therefore, the present results provide
possibly the most direct evidence to date suggesting that the mir-
ror neuron system may be involved in generating lasting mne-
monic representations of movements, a likely prerequisite of mo-
tor learning.

Our data also imply that a specific plasticity of movement
representation, qualitatively indistinguishable from practice-
induced plasticity, may be generated in the absence of peripheral
somatosensory afferent information. How can an observation-
induced movement memory be reconciled with the documented
critical role of somatosensory afferents (Rothwell et al., 1982) and
the somatosensory cortex (Pavlides et al., 1993) in motor cortical
plasticity and motor learning? Importantly, movement observa-
tion has been shown to modulate activity in human somatosen-
sory regions (Avikainen et al., 2002), and it is possible that this
activity supplies the necessary somatosensory signal to the M1
that appears to be a requisite for aspects of motor memory
formation.

In ObsPract,,osicer @ Specific plasticity of movement represen-
tation was induced independent of whether the subjects counted
the frequent target movements or the infrequent directionally
deviant movements. Presumably, the conscious cognitive opera-
tions involved in deciding whether an observed movement be-
longed to the target movements differed between these two
ObsPract,pposice conditions. Had this been important to the
processes involved in generation of motor memories, this likely
would have influenced the training results. The finding that the
effects of ObsPract, . Were in fact quite similar when count-
ing the frequent or infrequent movements suggests that con-
scious cognitive operations were unlikely to be deeply involved in
the formation of the new mnemonic representations. This view is
further supported by the study by Mattar and Gribble (2005)
demonstrating that the beneficial effect of previous observation
was uncompromised even when attentional systems were en-
gaged during observation of a distractor task. These findings are
additional indirect support for a causal role of the mirror neuron
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system, which appears to be able to operate primarily indepen-
dently of conscious cognition.

The present findings suggest that movement observation may
have a potential as a technique in rehabilitative settings.
Observation-based approaches to aid in the recovery from brain
injury may be useful in patients who have difficulties in generat-
ing physical movements or who are unable to understand verbal
instructions.
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